Lineage progression in osteoblasts and chondrocytes is stringently controlled by the cell-fate-determining transcription factor Runx2. In this study, we directly addressed whether microRNAs (miRNAs) can control the osteogenic activity of Runx2 and affect osteoblast maturation. A panel of 11 Runx2-targeting miRNAs (miR-23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-137, miR-204, miR-205, miR-217, miR-218, and miR-338) is expressed in a lineage-related pattern in mesenchymal cell types. During both osteogenic and chondrogenic differentiation, these miRNAs, in general, are inversely expressed relative to Runx2. Based on 3′UTR luciferase reporter, immunoblot, and mRNA stability assays, each miRNA directly attenuates Runx2 protein accumulation. Runx2-targeting miRNAs differentially inhibit Runx2 protein expression in osteoblasts and chondrocytes and display different efficacies. Thus, cellular context contributes to miRNA-mediated regulation of Runx2. All Runx2-targeting miRNAs (except miR-218) significantly impede osteoblast differentiation, and their effects can be reversed by the corresponding anti-miRNAs. These findings demonstrate that osteoblastogenesis is limited by an elaborate network of functionally tested miRNAs that directly target the osteogenic master regulator Runx2.
C ell-fate determination and subsequent lineage progression of phenotype-committed cells are mediated by master regulatory transcription factors that integrate multiple cell-signaling inputs and generate epigenetic changes in chromatin to modulate gene expression. Transcription factors are components of positive and negative feedback loops that initiate or maintain the acquisition of distinct biological states. Epigenomic mechanisms, including attenuation of mRNA and protein expression by small noncoding microRNAs (miRNAs) (1) , permit effective control of gene expression beyond genomic interactions between transcription factors and their cognate elements in gene promoters. The biological potency of miRNAs, which are generated by the RNA processing enzyme Dicer, is based on their ability to control mRNA accumulation and/or protein synthesis through specific interactions with the 3′UTRs of target genes (1) . Gene regulatory networks involving transcription factors and miRNAs may mutually reinforce cell fates and support phenotypic maturation of lineage-committed cells.
Osteogenic differentiation provides an effective cell model in which to define both epigenetic and epigenomic mechanisms required for cell-fate determination and phenotypic differentiation. Differentiation of multipotent mesenchymal stem cells into the osteoblast lineage and maturation of osteoprogenitors are controlled by multiple extracellular ligands [e.g., BMPs, WNTs, and FGFs] (2-4) that direct the activities of key transcription factors, including Runx2, Osterix, and different classes of homeodomain proteins (5) (6) (7) (8) . Runx2 is a critical regulator of the osteogenic lineage, and its epigenetic functions modulate expression of bone-related genes (9, 10) . Bone-specific transcription of Runx2 (5, 11) is autoregulated (12) and controlled by networks of homeodomain proteins (13, 14) , helix-loop-helix factors (15, 16) , and Ets factors and Zn finger proteins (17, 18) during osteoblastogenesis. Runx2 is also physiologically regulated by several cell-signaling pathways, including vitamin D3 (19) , TGFβ/BMP2 (20, 21) , and Wnt (22) . These studies have resulted in a detailed molecular blueprint that clarifies how Runx2 gene expression is stimulated during mesenchymal stem cell differentiation. However, posttranscriptional mechanisms, including miRNA-dependent control (23, 24) , also play critical roles during osteogenesis.
We recently have shown that conditional ablation of the Dicer gene in the osteoblast lineage, which prevents formation of mature miRNAs, causes overt skeletal phenotypes (25) . Hence, miRNAs expressed in osteoblasts (referred to as "osteo-miRNAs") are critical for osteoblast differentiation and regulated bone formation. Initial studies on the functional activity of specific miRNAs in bone have been reported (23, 24, (26) (27) (28) (29) (30) (31) , and now the fundamental roles of miRNAs and target protein networks during bone development must be defined in a broader context. In this study, we directly addressed the mechanisms that support posttranscriptional regulation of Runx2 by miRNAs. We examined the full complement of miRNAs predicted to target Runx2 mRNAs and assessed their roles in osteoblast maturation. Our findings define a program of miRNAs that control Runx2 in the mesenchymal lineage as a component of an intricate regulatory network of miRNAs that controls osteogenesis.
Results

Mesenchymal Lineage-Related Expression of miRNAs Predicted to
Target the Osteogenic Transcription Factor Runx2. To assess whether miRNAs control the osteogenic activity of Runx2, we applied three miRNA target prediction tools (i.e., TargetScan, PicTar, and RNA22) (32) (33) (34) to search for Runx2-targeting miRNAs. We identified 11 miRNAs that are predicted to target the mouse Runx2 3′UTR. All but one (miR-137) of these miRNAs also potentially target the human RUNX2 3′UTR (Fig. S1A) , which is 80% conserved in mammals, although some of the seed sequences are present in different locations within the 3′UTR (Fig. 1A and Fig. S1 A and B) .
To test whether these predicted miRNAs are expressed in various mesenchymal lineages, we performed quantitative RT-PCR (qRT-PCR) analysis of total RNA in premature osteoblasts (MC3T3-E1), chondrocytes (ATDC5), and fibroblasts (NIH 3T3). Each of the three cell lines expresses characteristic celltype-specific markers (Fig. S1C) . Eight miRNAs are consistently expressed at either high (miR-23a, miR-30c, and miR-34c) or medium (miR-133a, miR-135a, miR-204, miR-205, and miR-217) levels (Fig. 1B , Left and Center), with the highly expressed miRNAs present on average at >1,000-fold higher levels in all three cell types. Three miRNAs are expressed in a clear cell-typespecific manner (miR-137, miR-218 and miR-338) (Fig. 1B, Right) . Specifically, miR-137 and miR-338 are expressed at barely detectable levels in MC3T3-E1 osteoblasts but show ∼1,000-fold higher levels in ATDC5 chondrocytes (Fig. 1B) . In contrast, miR-218 is highly expressed in MC3T3-E1 osteoblasts and NIH 3T3 fibroblasts but not in ATDC5 chondrocytes. Together, these data show that there appear to be several distinct classes of putative Runx2-targeting miRNAs that differ in their expression at basal or lineage-restricted levels.
Stage-and Cell-Type-Specific Modulation of Runx2-Related miRNAs During Osteogenic and Chondrogenic Lineage Progression. We investigated whether there is a temporal correlation between expression of Runx2 and predicted miRNAs during differentiation of osteoblasts and chondrocytes. During MC3T3 differentiation, bone marker genes such as Runx2, alkaline phosphatase (ALP), and osteocalcin are significantly up-regulated ( Fig. 2A, Upper) . Runx2 protein is strongly increased with the onset of osteoblast differentiation (day 4) and maintained at high levels until day 28 (mineralization stage), at which point levels dramatically decrease ( Fig. 2A, Lower) . This modulation in expression and the discrepancy between Runx2 protein and mRNA accumulation at late stages of osteoblast maturation may be linked to miRNA expression targeting Runx2 mRNA.
During osteoblast differentiation, all 11 predicted Runx2-targeting miRNAs are up-regulated by day 28, compared with day 0 (Fig. 2B) . However, the up-regulation of these miRNAs does not proceed concurrently. Highly expressed miRNAs (miR-34c and miR-218) are up-regulated at early stages of differentiation (days 0-7) and are increased by ∼10-fold (Fig. 2B,  Left) . As the osteoblasts mature (days 7-21), two other abundant miRNAs (miR-23a and miR-30c) are up-regulated ( Fig.  2B , Left). In contrast, miRNAs expressed at lower levels are increased more robustly during differentiation. Four of these miRNAs (miR-133a, miR-204, miR-205, and miR-217) increase modestly up to day 21, then are up-regulated ∼10-fold on day 28 ( Fig. 2B , Center). Notably, miR-137 and miR-338, which are barely expressed in proliferating MC3T3 cells, show an ∼100-fold increase in expression during differentiation (Fig. 2B , Right). These temporal and selective differences in miRNA expression suggest specific functions at diverse stages of differentiation. Up-regulation of a distinct set of miRNAs concomitant with decreased Runx2 protein levels at the late differentiation stage is consistent with the prediction that these miRNAs may directly regulate Runx2 during osteogenesis.
We also assessed expression of our miRNA panel during ATDC5 chondrocyte differentiation, reflected by increased mRNA (B) miRNA expression levels were analyzed in MC3T3-E1 osteoblasts, ATDC5 chondrocytes, and NIH 3T3 fibroblasts. miR-23a, miR-30c, and miR34c are highly expressed in all cells, whereas miR-137, miR-218, and miR-338 display cell-type-specific expression. The remaining miRNAs are moderately expressed in all three cell types. Expression was normalized to U6 small RNA, and values reported are relative to miR-133a in MC3T3-E1 cells (set as 1). All values represent means ± SE (n = 3). expression of late markers Runx2 and ALP as differentiation proceeds (Fig. 2C, Upper) . Runx2 protein levels are clearly upregulated at day 14 ( Fig. 2C, Lower) , consistent with its role in hypertrophic chondrocytes. Remarkably, all miRNAs analyzed are dramatically down-regulated during ATDC5 differentiation (Fig.  2D) . Expression of miRNAs decreases (Fig. 2D) while Runx2 protein levels increase (Fig. 2C , Lower) in differentiating ATDC5 cells. Thus, analogous to results with MC3T3-E1 osteoblasts, ATDC5 chondrocytes exhibit the same inverse correlation with respect to Runx2 levels. The consistent biological relationship between miRNA expression and Runx2 protein accumulation in both osteoblasts and chondrocytes corroborates the prediction that these miRNAs target Runx2 mRNA to attenuate protein translation.
3′UTR of Runx2 mRNA Is Directly Controlled by Multiple miRNAs. To investigate whether the 3′UTR of Runx2 mRNA is directly targeted by multiple miRNAs, we fused the full-length 3′UTR to the luciferase (LUC) reporter (FL-Rx2UTR). Because miRNA seed sequences cluster in the proximal and distal regions of the Runx2 3′UTR, we also separately tested the functional contributions of these regions in two other LUC/Runx2 3′UTR constructs, Prox-Rx2UTR and Dist-Rx2UTR (Fig. 3A) . Endogenous miRNAs repress expression of all three UTR reporter constructs by ∼30-50% (Fig. S2A) . All of the miRNAs showed repression of the full-length Runx2 3′UTR reporter activity by ∼20-60%, compared with a nonspecific (NS) miRNA (Fig. 3B , Left). Similar inhibitory effects of miRNAs on Runx2 3′UTR reporter activity were observed in mouse primary calvarial osteoblasts (Fig. S2B) . Inhibition of endogenous miRNAs by addition of anti-miRNAs to the cells resulted in increased Runx2 3′UTR reporter activity (Fig. 3B, Right) . Anti-miRNAs of miR-217 and miR-338 were not applied because their endogenous expression levels are very low in proliferating MC3T3-E1 cells (Fig. 1B) . To verify the specificity of miRNA activity, we tested the proximal and distal Runx2 3′UTR reporters. The ProxRx2UTR reporter covers only five miRNA seed sites (for miR-23, 135, miR-205, miR-218, and miR-338). Transient expression of these miRNAs resulted in significant repression of ProxRx2UTR activity but did not affect Dist-Rx2UTR activity (Fig.  3C) . Similarly, the Dist-Rx2UTR reporter contains seed sites for three other miRNAs (miR-30c, miR-204, and miR-217); these miRNAs inhibited the activity of the Dist-Rx2UTR reporter but not that of the Prox-Rx2UTR reporter. These results together show that miRNAs binding the distal and proximal Runx2 3′UTR selectively modulate expression by directly targeting distinct UTR domains.
Endogenous Runx2 Protein Levels Are Diminished in a Cell-Type-Specific
Manner by miRNAs That Target the 3′UTR of Runx2 mRNA. To determine whether these miRNAs affect endogenous Runx2 expression in distinct cell types, we transfected these miRNAs into MC3T3-E1 osteoblasts and ATDC5 chondrocytes and examined Runx2 mRNA and protein levels. Except for miR-30c in MC3T3 and miR-133a in ATDC5 cells, these miRNAs repress Runx2 expression at the protein level but not the mRNA level (Fig. S3) . It has been reported that miRNAs can exert translation repression or affect mRNA stability (35) . We detected whether miR-30c and miR-133a alter Runx2 mRNA half life by inducing mRNA degradation. In MC3T3 cells that were treated with actinomycin D to inhibit transcription, neither miRNA affected Runx2 mRNA half life, suggesting that these two miRNAs cannot affect Runx2 mRNA stability (Fig. S4A) .
Several miRNAs (miR-30c, miR-34c, miR-133a, miR-135a, and miR-338) strongly inhibit Runx2 protein expression in both MC3T3-E1 and ATDC5 cells, whereas miR-204 and miR-205 only modestly repress Runx2 protein expression in both cell lines (Fig. 4A) . Interestingly, miR-23a and miR-218 diminish Runx2 expression only in ATDC5 cells, whereas miR-217 is a modest inhibitor of Runx2 in MC3T3 cells but more robust in ATDC5 cells (Fig. 4A) . This more pronounced efficacy of miRNAs that target Runx2 in ATDC5 cells is generally consistent with the Fig. 3 . Repression of Runx2 3′ UTR reporter activity by miRNAs in MC3T3-E1 cells. (A) LUC reporter vectors fused to full-length, proximal, and distal segments of the 3′ UTR of mouse Runx2 mRNA (FL-Rx2UTR, Prox-Rx2UTR, and Dist-Rx2UTR, respectively). (B) Specific miRNAs repress FL-Rx2UTR activity, whereas the corresponding anti-miRNAs increase LUC activity, compared with NS controls. (C) Each miRNA specifically inhibits the LUC activity of constructs containing the corresponding segment of the Runx2 3′ UTR containing the putative seed site. All values represent means ± SE (n = 3). *P < 0.05 and **P < 0.01, statistical significance compared with control groups treated with empty vector or NS miRNAs. lower Runx2 protein levels in ATDC5 chondrocytes compared with MC3T3-E1 osteoblasts (Fig. 4B) . We noted that miR-218 modestly increased Runx2 protein expression in MC3T3-E1 cells, which is inconsistent with its direct repression in the UTR assay (Fig. 3B) . This finding suggests that Runx2 is also indirectly regulated by miR-218 in osteoblasts. Thus, although the miRNAs that are the focus of our study are directly ratelimiting for Runx2 protein expression, cell-type-specific cooperating factors and cellular context may also contribute to their inhibitory functions.
Runx2-Targeting miRNAs Inhibit Osteogenic Differentiation. Because Runx2 is a master regulator of osteoblast differentiation, we investigated whether the Runx2-targeting miRNAs regulate osteogenic differentiation. We induced differentiation in MC3T3-E1 osteoblasts that were pretreated for 3 d with our miRNAs (Fig. 5A) . After 7 d of differentiation, there was an ∼20-80% reduction of Runx2 protein by these miRNAs except for miR23a (Fig. 5A) . Compared with the NS miRNA, these miRNAs clearly repressed both the osteopontin and osteocalcin genes (Fig. 5B) , which are classical markers of osteoblast differentiation as well as direct targets of Runx2. Furthermore, quantification of ALP activity revealed up to ∼50% reduction of this marker of osteoblasts, compared with the NS miRNA (Fig. 5C) . In an independent study, histological analysis of miRNA-treated cells provided further corroborating evidence that all miRNAs except for miR-218 strongly repress ALP activity (Fig. 5D) , consistent with the effects of these miRNAs on Runx2 expression (Fig. 5A) . In addition, cotreatment of osteoblasts with each miRNA and its corresponding anti-miRNA (fourfold excess) reversed the miRNA inhibitory effects on osteogenic differentiation (Fig. 5D) . Remarkably, although miR-23a does not reduce Runx2 protein expression in either proliferating (Fig. 4A) or differentiating MC3T3-E1 cells (Fig. 5A) , it strongly inhibits ALP activity during osteogenic differentiation (Fig. 5 C and D) as well as expression of the osteoblast markers osteopontin and osteocalcin (Fig. 5B) . We note that inhibition of osteogenesis by miR-23a is linked to other targets (30) . More importantly, our results establish that at least 10 miRNAs that directly target Runx2 significantly inhibit osteogenic differentiation. Our findings suggest a biological model of miRNA-dependent control of the protein levels and skeletal functions of Runx2 during osteoblast differentiation (Fig. 6) . Expression of the majority of Runx2-targeting miRNAs is up-regulated during osteoblast differentiation, whereas the same panel of miRNAs is negatively regulated during chondrocyte differentiation. These profiles are consistent with the necessity to down-regulate Runx2 in osteocytes (final differentiation stage, day 28) and to up-regulate Runx2 for hypertrophic chondrocyte differentiation (day 14) (Fig. 6A) . Runx2-targeting miRNAs are expressed at different levels during osteogenesis. Elevated levels of Runx2-targeting miRNAs during late stages of osteoblast maturation may account for the discordance between high Runx2 mRNA and low Runx2 protein levels. We conclude that Runx2 is a central node within a complex regulatory network involving 10 miRNAs that together provide a key mechanism for posttranscriptional regulation of physiological levels of Runx2 protein for normal osteogenesis and chondrocyte maturation (Fig. 6B) .
Discussion
Here we investigated miRNA-mediated posttranscriptional control of Runx2 expression in mesenchymal cells. We characterized the full complement of miRNAs predicted to target the 3′UTR of Runx2 mRNA and showed that each miRNA selectively and directly controls Runx2 expression. Remarkably, both the expression and activity of this Runx2-miRNA network are exquisitely specific for cell type and developmental stage. Each Runx2-targeting miRNA (except miR-218) inhibits osteoblast differentiation. These findings corroborate our recent studies indicating that osteoblast-specific loss of the miRNA processing enzyme Dicer causes a dramatic high bone mass phenotype and that miRNAs are normally necessary for attenuating osteoblast maturation in vivo (25) .
Because multiple Runx2-targeting miRNAs are potent inhibitors of Runx2 protein accumulation in either osteoblasts or chondrocytes, and are also effective inhibitors of osteoblast differentiation, one key question that emerges is why there is such a high level of functional redundancy in Runx2 inhibition by miRNAs. One advantage of using multiple miRNAs is that it provides broad options for biological control. The multiplicity of miRNAs that can target Runx2 ensures that there is always a subset of miRNAs available to support translational control at each stage of the osteoblast lineage. Several genetic mouse models have shown that nonphysiological levels of Runx2 protein or dosage insufficiency can have negative effects on bone. For example, transgenic mice expressing Runx2 develop osteopenia (36) , and mice with a hypomorphic Runx2 allele exhibit cranial abnormalities (37) . Thus, tight regulation of Runx2 protein by miRNAs is critical for normal bone formation.
Effective inhibition of mRNAs by miRNAs is mediated by multiple target sites instead of a single miRNA site (38) . Furthermore, the putative seed sequences for miRNAs in the 3′ UTRs of mRNAs are often clustered (39) . Each of the Runx2-targeting miRNAs is predicted to have hundreds of other targets. Thus, regulation of Runx2 protein accumulation may be embedded within large networks linked to other biological processes that control skeletal development. The multiplicity of Runx2-targeting miRNAs suggests that there may be collaboration among distinct miRNAs that target the 3′UTR of the Runx2 mRNA. The potential for cooperation is exemplified by the coordinate expression of Runx2-targeting miRNAs during diverse stages of osteoblast differentiation.
We find clear differences in the efficacy with which the Runx2-targeing miRNAs block Runx2 protein expression in osteoblasts and chondrocytes. In general, our panel of different miRNAs exhibits more significant inhibition of Runx2 in chondrocytes, in which Runx2 is expressed at low levels, than in osteoblasts, in which Runx2 is highly expressed. The potency of miRNAs to reduce target protein levels could be altered in different cell types by generating differences in the 3′UTR of target mRNA (e.g., by alternative polyadenylation) (40) . The seed sequences for some miRNAs (e.g., miR-30, miR-204, and miR-217) are all located downstream from a putative conserved polyadenylation site that could reduce the length of the Runx2 3′UTR and eliminate suppression of Runx2 by these three miRNAs. However, this postulated mechanism does not account for the observed cell-type dependence of miRNA activity in our studies because each of these miRNAs is effective in reducing Runx2 protein accumulation (albeit to different degrees) in osteoblasts and chondrocytes. Another possibility is that tissue-specific factors linked to miRNA-regulatory networks may provide a unique cellular context that alters the availability of seed regions or the inhibitory efficiency of miRNAs. Considerations of context in cells are necessary to fully understand the unique mechanisms by which miRNAs regulate gene expression. Thus, the finding that Runx2-targeting miRNAs down-regulate Runx2 more effectively in chondrocytes than in osteoblasts is consistent with the biological requirement for reducing Runx2 protein expression in the mesenchymal stem cell or the bipotential osteochondroprogenitor cell for commitment to chondrogenesis (9) .
Our panel of 10 miRNAs defines a set of inhibitors that have as a common function suppression of the biological activity of a key lineage commitment factor in supporting cell maturation. Previous studies identified two of the miRNAs (miR-133 and miR-204) as direct regulators of Runx2 (23, 24) . Only a few of the Runx2-targeting miRNAs have been characterized in other bi- . Up-regulation of miRNA expression (upward line) during late stages of osteoblast differentiation may be responsible for the inhibition of Runx2 (narrowing polygon) that permits final stages of maturation. Conversely, decreased miRNA expression (downward line) may contribute to the up-regulation of Runx2 during chondrogenesis (widening triangle). (B) miRNAs that are selectively expressed in osteoblasts (osteomiRNAs) regulate osteogenesis and chondrogenesis by directly targeting Runx2, a master gene during key stages in these two distinct biological processes. Runx2 is stimulatory for osteogenic lineage commitment (arrow) but inhibitory (blunted arrow) at late stages of osteoblast maturation. Attenuation of Runx2 by miRNAs inhibits bone marker gene expression (i.e., osteopontin and osteocalcin) during osteoblast differentiation. ological contexts. Our earlier studies revealed that miR-133a and miR-135a each inhibit BMP2-induced osteogenesis of C2C12 mesenchymal cells by targeting Runx2 and Smad5, respectively (41) . Here we extend these results by showing that miR-135a mediates significant repression of osteogenesis by targeting not only Smad5 but also Runx2. Other studies revealed that a subset of Runx2-targeting miRNAs (i.e., miR-30, miR-34, miR-203, and miR-205) are associated with multiple cancers, including metastasis of breast and prostate tumors (41) (42) (43) (44) . Because Runx2 also contributes to breast and prostate cancer metastasis (45, 46) , the possibility arises that Runx2 and its targeting miRNAs form a cancer-related biological network beyond the role of this network in osteochondrogenesis.
In conclusion, Runx2 expression must be stringently controlled at multiple gene regulatory levels to avoid skeletal phenotypes linked to either dosage insufficiency or overexpression. The network of Runx2-targeting miRNAs may be critical to ensure that Runx2 levels are attenuated at key stages of osteoblast lineage progression to accommodate its biological functions in mesenchymal cell-fate determination and maturation of osteoblasts.
Materials and Methods
Primers used for cloning are listed in Table S1 . Detailed methods for cell culture and LUC sensor assays, RNA isolation, miRNA expression detection, and Western blot analysis are provided in SI Materials and Methods. Additional references are also provided in SI Materials and Methods.
